abstract: Single-embryo transfer is becoming increasingly common in in vitro fertilization (IVF) treatment as a means of reducing multiple pregnancy rates leading to a higher incidence of medical, perinatal and neonatal complications. Consequently, selecting embryos with the highest implantation potential is of great importance in assisted reproductive technology. To date, the choice of the best embryos to transfer is based on subjective morphological parameters. However, as judged by their subjective aspect, movement towards more sophisticated technologies to select the most competent oocytes and/or embryos with the greatest implantation potential have become available, including emerging 'omics' sciences, such as genomics, transcriptomics, proteomics and metabolomics. In this way, the study of the cumulus cells (CCs) transcriptomic profile offers the opportunity, by a non-invasive method, to predict oocyte and embryo competence because bidirectional traffic between CCs and the oocyte is very important for the acquisition of this competence. Using either RT-PCR or DNA microarrays, some studies have provided evidence for the genes expressed in CCs presenting potential biomarkers to predict embryo quality and pregnancy outcomes. This review provides an overview of the current knowledge about CCs as biomarkers for oocyte and embryo selection under an IVF program.
Introduction
The selection of embryos with higher implantation potential has been one of the major challenges in assisted reproductive technology (ART). This selection is currently based on morphological criteria such as growth rate, early cleavage on Day-1, degree of fragmentation and blastocyst formation (Ebner et al., 2003) . However, the predictive power of this approach is still limited. With the emergence of new technologies like 'omics', there are new biomarkers as discovery tools that can be applied to in vitro fertilization (IVF) for oocyte and/ or embryo selection (Hillier, 2008) . Indeed, transcriptomic approaches using microarray technology, allowing the simultaneous screening of thousands of genes, were intensively used to identify in cumulus cells (CCs) the biomarkers related to oocyte competence, which is defined as the intrinsic ability of oocytes to undergo meiotic maturation, fertilization and embryonic development (McKenzie et al., 2004; van Montfoort et al., 2008) . Using the same approach, genes expressed in CCs used as biomarkers associated with embryo quality (McKenzie et al., 2004; van Montfoort et al., 2008; Zhang et al., 2005) and pregnancy outcome (Assou et al., 2008; Hamel et al., 2008 Hamel et al., , 2010 have also been identified. All these studies target the gene expression profile of human CCs, a source of cells reflecting the biology and competence of both oocytes and embryos and leading consequently towards a noninvasive method of predicting IVF outcome (Fig. 1) . However, to date, although microarray technologies have allowed gene expression profiling of such tiny specimens as oocytes and CCs, limited data are known regarding the close dialogue between the human oocyte and their associated CCs. The unraveling of this information is fundamental to understanding the complexity of gamete physiology, including the dialogue between the oocyte and its environment which is necessary for both oocyte and CC function (Fig. 1) . The objectives of the present review are to update studies on transcriptomic profiles of the oocyte-cumulus complex and to suggest CCs as biomarkers for oocyte and embryo selection. In addition, we propose testing these biomarkers to predict embryo and pregnancy outcomes by conducting a study in which the embryo selection occurs according gene expression profile of CCs.
Human oocyte -cumulus cells relationships
Oocytes and CCs grow and develop in a highly coordinated and mutually dependent manner. Interaction between CCs and oocytes involves both gap junctions and paracrine signaling factors. Gap junctions allow transfer of small molecules and facilitate exchange of glucose metabolites and ions between the CCs and oocytes (Tanghe et al., 2002) . Multiple connexins (Cxs) have been observed within ovarian follicles in several species, but little is known about the Cxs in human follicles. Despite this, Cx43, a major contributor to gap junctions in human CCs, influences developmental competence of human oocytes (Hasegawa et al., 2007) . Indeed, reduction of Cx43 expression in CCs on egg collection day is essential for developmental competence of human oocytes. Using microarrays, we confirmed the presence of Cx43 gene, also known as Gap Junction alpha1 (GJA1), in CCs and we reported the presence of other genes involved in gap junctions such as GJA4 (Cx37) and GJA5 (Cx40). Beyond these communications between CCs and oocytes, appropriate composition and assembly of the cumulus matrix is essential for ovulation, for efficient passage of the oocyte through the oviduct and for fertilization, as failure to synthesize components of the cumulus matrix leads to reduced fertility or sterility. This specific extracellular matrix modification of CCs, referred to also as cumulus expansion or mucification, occurs during the pre-ovulatory period. Active components of the cumulus matrix come from several sources: they are synthesized directly by CCs under the control of endocrine and oocyte-derived factors, they are secreted by mural granulosa cells (GCs), or they enter the follicle via blood plasma (Eppig, 1982 (Eppig, , 1991 Chang et al., 2002; Tanghe et al., 2002; Vanderhyden et al., 2003) . One of the most important oocyte-secreted factors involved in cumulus expansion is the growth differentiation factor 9 (GDF-9) (Elvin et al., 1999; Sutton et al., 2003) . This oocyte-derived factor has been shown to induce several genes in CCs, including the hyaluronic acid synthase 2 (HAS2), an enzyme responsible for the synthesis of both hyaluronic acid, which is the major structural backbone of the cumulus extracellular matrix (Elvin et al., 1999) , and proteoglycan versican, another important component of the cumulus matrix (Russell, 2006) . Other genes were induced and regulated by GDF-9 such as type 2 receptor for prostaglandins (PTGER2), prostaglandin-endoperoxide synthase-2 (PTGS2, also called COX-2), SMAD family member 2 and 3 (SMAD2/ 3), the cytochrome P450 aromatase CYP19A1 and Peroxiredoxin 2 (PRDX2) (see Fig. 1 ), suggesting the implication of GDF-9 in functions other than cumulus expansion (Elvin et al., 1999; Pangas et al., 2002; Varani et al., 2002) . The PRDX2 gene encodes a member of the peroxiredoxin family of antioxidant enzymes which probably play a role in hydrogen peroxide H 2 O 2 elimination in CCs (Wood et al., 2003) . The molecular mechanisms by which GDF9 exert these actions are not elucidated. However, we previously reported a high expression in CCs of BMPR2 gene, which is the receptor of GDF9, representing a means by which GDF9 exerts its action (Assou et al., 2006) . Bone Morphogenic Protein-15 (BMP-15) is another important oocyte-derived factor that mediates other regulatory effects of oocyte on CCs. The absence of these two oocyte-secreted factors, GDF-9 and BMP-15, which are members of the transforming growth factor-b (TGF-b), has been shown to cause sterility (Dong et al., 1996; Galloway et al., 2000) .
Although the functions of these two genes remain unclear, they are key regulators of both granulosa and CC differentiation (Gilchrist et al., 2008) . Energy requirements of the cumulus -oocyte complex (COC) are unique, because CCs and the oocyte present different metabolic needs. Oocytes themselves are unable to take up L-alanine or synthesize cholesterol from acetate, and poorly metabolize glucose for energy production. Inversely, the CCs metabolize alternative substrates, such as amino acids, cholesterol and glucose, which are essential for the oocyte development and function (Sutton-McDowall et al., 2004; Eppig, 2005; Preis et al., 2005; Su et al., 2009) . The exact nature and diversity of oocyte -CC signaling molecules are complex and dynamic, yet these signaling axes clearly have a profound impact on oocyte quality.
By using the DNA chip technique, our group observed that 2600 genes are over-expressed in human CCs when compared with MII oocyte samples (Assou et al., 2006) . Among these genes, we confirmed the presence of previously described genes such as PTX3, CYP19A1, PRDX2, versican and HAS2. We also reported other overexpressed genes in CCs in comparison with MII oocyte samples such as TNFSF13/APRIL, a ligand of the tumor necrosis factor (TNF ) superfamily, which was described as binding to proteoglycan, inducing Figure 1 Potential role of CCs as a regulator of oocyte competence and as biomarkers for oocyte/embryo quality or pregnancy outcome. Oocyte-secreted factors are necessary for both CC growth and the regulation of numerous CC functions such as metabolism, expansion and apoptosis. In turn, CCs regulate oocyte developmental competence. Consequently, CCs can serve as biomarkers to assess oocyte quality, embryo competence and pregnancy outcome. The two major oocyte-secreted factors known to play a role in CC functions are members of the TGF-b superfamily, including GDF9 and bone morphogenetic protein 15 (BMP15), which act on the adjacent CCs to induce and/or regulate the expression of several genes such as prostaglandin E2 receptor (PTGER2), prostaglandin-endoperoxide synthase-2 (PTGS2), pentaraxin-related gene (PTX3) and hyaluronan synthase 2 (HAS2). CYP19A1, aromatase; SMAD2/3, TGF-beta family modulator; PRDX2, thioredoxindependant peroxide reductase (mitochondrial), CD44 antigen. a survival signal conveyed by this cytokine to target cells (Ingold et al., 2005) . Because CCs over-express several proteoglycans such as versican, APRIL could mediate a comparable trophic signal from the oocyte to the surrounding CCs.
Follicular cell biomarkers as a predictor of oocyte quality and/ or embryo competence and/or pregnancy outcome
Oocyte maturation is in turn promoted by communication with surrounding CCs and measurement of the genes involved in this mechanism provides non-invasive biomarkers of oocyte developmental competence. As CCs can be obtained easily before intra-cytoplasmic sperm injection (ICSI) procedure or before insemination for classical IVF (cIVF), several groups used microarray technologies, RT-PCR and quantitative RT -PCR analyses to link the CC gene expression profile with oocyte quality and/or embryo competence and/or pregnancy outcome (Table I) .
Comparison of gene expression profiles in human CCs from oocytes that failed to fertilize in vitro with those that developed into normal-appearing embryos on Day 3 revealed that 160 genes were differentially expressed between the two groups, including PTX3, of which the mRNA abundance in CCs was highly associated with oocyte development (Zhang et al., 2005) . This finding was confirmed by another study showing that PTX3, as well as versican, was related to mice oocyte developmental competence (Dunning et al., 2007) . In the same way, cumulus expression of PTGS2 has been reported to be higher in mature oocytes, whereas brain-derived neurotrophic factor (BDNF) was lower when fertilization was normal (Anderson et al., 2009) . Correlation between CCs expression of PTGS2 and oocyte maturation has also been reported by other studies (Dunning et al., 2007; Feuerstein et al., 2007) . In these studies, other genes such as steroidogenic acute regulatory protein (STAR), amphiregulin (AREG), stearoyl-coenzyme A desaturase 1 and 5 (SCD1 and SCD5) were also associated with oocyte maturation. As for other mammals, the PTGS2 gene expression of bovine CCs has been reported to be related to oocyte competence (Assidi et al., 2008) . On the other hand, hyaluronan synthase 2 (HAS2), inhibin beta A (INHBA), betacellulin (BTC) which is a member of the EGF family of growth factors, CD44, TNFAIP6, follicle stimulating hormone receptor (FSHR), growth hormone receptor (GHR) and epidermal growth factor receptor (EGFR) have been identified as biomarkers in bovine CCs that predict oocyte competence and select higher embryo quality (Assidi et al., 2008; Caixeta et al., 2009) . Recently, Bettegowda et al. (2008) , reported a negative association of the bovine CCs cathepsin family mRNA expression, including cathepsin B, S and Z (CTSB, CTSS, CTSZ), with oocyte competence (Bettegowda et al., 2008) . In addition, it has also been reported that there was a strong association between the expression of the lysyl oxidase gene (LOX) in rat mural GCs and the oocyte developmental competence (Jiang et al., 2010) . More recently, the expression of the glutathione peroxidase (GPX3), chemokines receptor 4 (CXCR4), cyclin D2 (CCND2) and catenin delta 1 (CTNND1) in human CCs have been shown to be associated with embryo quality, based on early cleavage rates during embryonic development (van Montfoort et al., 2008) . Gremlin 1 (GREM1), HAS2 and PTGS2 have been shown to be over-expressed in CCs yielding high-grade embryos versus low-grade embryos (McKenzie et al., 2004) . These findings were in agreement with those from Anderson et al. (2009) showing that GREM1 expression levels in CCs were a positive predictor of embryo quality. In addition, using quantitative RT -PCR, they analysed the expression of known genes in human CCs, such as HAS2, PTGS2, PTX3 and tumor necrosis factor alpha-induced protein 6 (TNFAIP6), a hyaluronan binding protein involved in CC expansion. Beyond its role as a biomarker, TNFAIP6 gene has also been reported to be associated with the expression of a common receptor of luteinizing hormone/human chorionic gonadotrophin (LH/hCGR) in CCs (Haouzi et al., 2009) .
By comparing gene expression profiles of CCs according to embryonic quality and pregnancy outcome, our group reported for the first time a specific transcriptomic signature, including 630 genes associated with pregnancy outcome. The majority of the differentially expressed genes were up-regulated, suggesting that transcriptional activation in CCs is essential to the acquiring embryonic competence. Among up-regulated CC genes correlated with a pregnancy, we validated BCL like protein 11 (BCL2L11) and phosphoenolpyruvate carboxykinase 1 (PCK1) expressions, which are involved in apoptosis and gluconeogenesis, respectively (Assou et al., 2008) . We also reported the decreased expression of the nuclear factor 1B (NFIB) gene in CCs, which is a nuclear transcription factor that has previously been shown to play a role in regulating tissue-specific gene expression during mammalian embryogenesis (Steele-Perkins et al., 2005; Campbell et al., 2008) . To date, a clinical prospective study is underway and is discussed in the third part of this review.
Other studies reported a correlation between pregnancy outcome and the gene expression profile of follicular cells, including mural and floating granulosa and CCs. Indeed, Hamel et al. (2008) reported that 115 genes were differentially expressed between mural granulosa/ CCs from follicles that resulted in a pregnancy and mural granulosa/ CCs from follicles that produced embryos showing early developmental arrest. Among them, 3-b-hydroxysteroid dehydrogenase 1 (HSD3B1), an enzyme controlling progesterone biosynthesis, and CYP19A1, an enzyme involved in estrogen biosynthesis, were over-expressed in follicular cells leading to a pregnancy. Ferredoxin 1 (FDX1), serpin peptidase inhibitor clade E (SERPINE2) and cell division cycle 42 (CDC42) were also over-expressed in competent follicles. Using an intra-patient and an inter-patient analysis approach (Hamel et al., 2010) , four candidate genes were reported to be differentially expressed between mural granulosa/CCs from follicles leading to a pregnancy and developmental failure. The identified genes were phosphoglycerate kinase 1 (PGK1), the regulator of G protein signaling 2 and 3 (RGS2 and RGS3) and CDC42, and these were over-expressed in the pregnant group. However, the principal component analysis (PCA) between GC and CC samples revealed different expression profiles ( Fig. 2A) . Although these two types of follicular cells are relatively easy to obtain, the preparation of CC samples to perform transcriptomic analysis or RT-PCR is extremely quick in comparison to the preparation of GC samples because CCs are removed during ICSI or cIVF procedures. Potential contamination by blood from GC samples during follicular aspiration is a recurrent phenomenon which affects the gene expression profile. PCA between lymphocyte samples and follicular cell samples revealed that the GC gene expression profile is closer to that of lymphocytes than 
RGS: hydrolyzed GTP to GDP CCs, cumulus cells; GCs, granulosa cells.
of CCs, rendering more difficult the evaluation of the blood contamination in GC samples ( Fig. 2A) . In addition, there is a risk of generating erroneous results due to contamination by leukocytes (CD45 + ) in GCs, as demonstrated by flow cytometry analysis (Fig. 2B) . If the gene expression profile of GCs predict embryo outcome, we have to separate GCs from leukocyte cells to exclude any risk of contamination. However, a clinical prospective study on a large cohort of patients is still necessary to validate the predictive value of these biomarkers in terms of pregnancy outcome. All these studies provide evidence in support of the concept that CCs are a promising source of reliable biomarkers for predicting oocyte competence, embryo quality and pregnancy outcome ( Fig. 1 and Table I ).
Candidate biomarker determination of pregnancy outcome Assou et al. (2008) reported a molecular signature composed of 630 genes, from which we identified 45 genes as biomarkers (36 up-and 9 down-regulated, respectively) in CCs associated with embryo and pregnancy outcomes (Fig. 3A) . The functions of these 45 biomarkers are involved in more global processes, such as ion binding and regulation, transcription, cell communication, cell adhesion, DNA binding and regulation of cellular processes. In order to test the reliability of this gene list, we conducted a prospective study including young (,36 years) normal responder patients referred to our center for cIVF or for ICSI. The embryo selection occurred either according to the gene expression profile in CCs (Group 1) or to morphological aspects (Group 2 used as control). In each group, two embryos were replaced. For the first 60 patients (30 patients/group), on egg collection day, in Group 1, each CC sample was collected individually and processed for gene expression analysis. The procedure was started ,40 h post-hCG administration. CCs were mechanically separated from the oocyte by using two needles, washed in culture medium and transferred immediately into RLT RNA extraction buffer. CC samples (n ¼ 267) were analysed. Quantitative RT-PCR analysis was performed to measure the relative abundance of the transcripts of interest genes in CCs, and expression data for all biomarkers were obtained from all samples. All patients in both groups had a fresh embryo transfer on Day-3. The comparison between the two groups reveals significant differences for implantation and ongoing pregnancy rates/pick up (40.0 versus 26.7% and 70.0 versus 46.7%; P , 0.05, respectively). We noted five twin pregnancies in Group 1 versus zero in the Group 2 used as control. In addition, we observed that there was no relationship between morphological aspects and the CC gene expression profile (Fig. 3B) . On the basis of the analysis of 267 CC samples, we noted that 27% of CCs express genes predicted for embryos able to achieve pregnancy, 42% of CCs did not, 31% of CCs showed gene expression for early arrest of embryo development. These results should be confirmed by a large cohort study in singleembryo transfer programs. PCA mapped the samples in three-dimensional spaces and revealed that each sample category was distinct from the others. However, whereas CC samples were distantly located from most lymphocyte samples, GC samples were situated in the vicinity of the T and B lymphocyte samples. PCA was performed on 30 samples including 12 CCs, 8 GCs, 5 T lymphocytes and 5 B lymphocytes, using a selected gene list including 1000 transcripts. The distance between samples reflects the similarity of overall gene expression patterns. (B) Flow cytometry analysis of CD45-PE in GCs. CD45 is a leukocyte specific transmembrane glycoprotein. Using CD45 + labeling, we have separated leukocytes from GCs and obtained pure GC populations. GCs were identified as CD45 negative cells (blue), distinguishing them from leukocytes which are CD45 positive (orange). PE, phycoerythrin; FSC, forward side scatter.
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Conclusion
This review demonstrates that the microarray approach is a very useful tool for the discovery of new candidate genes, and the genomic profiling of CCs can usefully serve as a high throughput and non-invasive means for the assessment of oocyte quality, embryo competence and pregnancy outcome. This technology and quantitative RT-PCR will help to define the potential biomarkers correlated to a competent oocyte and also improve the selection of healthy embryos leading to a good pregnancy rate. In comparison with GCs, the CC samples indirectly offer the possibilities to select the healthy egg and consequently the healthy embryo. CC gene expression analysis begins to be a valuable tool for improving embryo selection, either for fresh embryo replacement or for freezing. According to our preliminary data, there is no relationship between the gene expression profile of CCs and the embryo morphological aspects. It is time to reconsider the notion that embryos presenting a low-grade according morphological aspects are able to achieve pregnancy. Indeed, during the last decade, the availability of technical platforms and whole genome microarrays has rapidly generated data on the molecular mechanisms of the CC -oocyte complex, early embryo development and embryo -endometrial interactions. Today, theses technologies provide potential predictive biomarkers as non-invasive tools for clinical applications. Each row on the horizontal axis represents an individual CC sample issue from corresponding oocyte which emerging embryo selected for replacement. Each column on the vertical axis represents pregnancy outcome for each transferred embryo. Twins and singleton pregnancies were colored in green and blue, respectively, and in red for no pregnancy.
